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Abstract: By combining the results of prototype observation of flood discharge atomization at the Wujiangdu
Hydropower Station, and by adopting the serial model test method, the model scale effect was examined, the
influences of the Reynolds and Weber numbers of water flow on the rain intensity of flood discharge
atomization were analyzed and a rain intensity conversion relation was established. It is demonstrated that the
level of atomization follows the geometric similarity relations and it is possible to ignore the influence of the
surface tension of the flow when the Weber number is greater than 500. Despite limitations such as incomplete
data sets, it is undoubtedly helpful to study the scale effect of atomization flow, and it is beneficial to identify
the rules of the model test results in order to extrapolate to prototype prediction.
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1 Introduction
Predicting the effect of flood discharge atomization on hydropower stations is technically
difficult but very useful. At present, research on flood discharge atomization is mainly carried
out by means of combined prototype observation, mathematical models, physical models and
theoretical discussion, and aims to explain the atomization mechanisms and influences.
However, because of the complexity of the atomization phenomenon, many atomization
mechanisms are still unclear. It is difficult to use mathematical models and prototype
observation to accurately simulate or predict the flood discharge atomization, so large-scale
physical models are usually used for predictive simulation of hydropower stations with
relatively significant flood discharge atomization problems.
Feedback analysis of the results of many model tests and prototype observations (Zhou
1990; Zhou et al. 2008; Wu et al. 2008) proves the significant scale effect of flood discharge
atomization, which is mainly due to the fact that these models were all designed according to
the gravity similarity criterion but ignored other factors. It is generally agreed that the scale
effect of flood discharge atomization originates from the different surface tensions and viscous
forces in different models. But for large-scale models, it is considered acceptable to neglect
surface tension when the Weber number is over 500 (Chai et al. 1990). At present, very little
research has been conducted on the similarity criterion of atomization. Analysis of the results
of prototype observation and model inversion tests of flood discharge atomization at Jiangya
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Hydropower Station (Chen et al. 2005) suggests that the impact factors of rain intensity should
be divided into optimal-force rain intensity and optimal-frequency rain intensity, and that the
primary rain intensity is controlled by optimal-force rain intensity, thus establishing the rain
intensity conversion relation. However, the scale of this model is 1:80, and the Weber number
is lower than 500, so there are great restrictions on the applicability of the model measurement
results to other cases. Liu et al. (2002) conducted feedback test research by incorporating the
prototype observation data of flood discharge atomization at Baishan Hydropower Plant into a
1:35 scale model, and concluded that the atomization intensity conversion relation should be
Lrn, where Lr is the model scale and n is a parameter varying with the model scale. When the
flood discharge rate is relatively small, n = 1.20–1.52; when the flood discharge rate is
relatively large, n = 0.63–0.76. Obviously, in the case of a low flood discharge rate, the flood
is discharged through a single tunnel, while in the case of a high flood discharge rate, three
middle tunnels discharge the flood simultaneously. The longitudinal diffusion of the nappe is
significant, and the atomization intensity is very high. Generally, feedback analysis shows that
the conversion relation is close to the principle of gravity similarity. This also proves the
obvious scale effect in atomization simulation, and identifies a complex set of influencing
factors, including the discharge rate, water head difference, energy dissipation method and
meteorological conditions. As for predicting the influence of flood discharge atomization with
large-scale model tests, the first problem to be solved is the similarity law of the scope of
influence and intensity of atomization.
Comprehensive feedback analysis of the existing prototype observation data and related
research results shows that, for models designed at the normal scale based on gravity similarity,
it is difficult to realize similarity between the experimental results and the prototype
observation of the phenomenon of flood discharge atomization. Due to the restrictions of
measurement techniques and experimental conditions, it is still impossible to simulate and
observe the atomized flow occurring in flood discharge atomization. As for the rain formed
from the splashing of inflowing flood water, there is a scale effect in the model test results due
to the influences of viscous force and surface tension, but there are certain rules for serial
model test results. To explore the similarity relations between the model rain splash and the
prototype rain splash, the rainfall from flood discharge atomization is assumed to be
approximately equal to the rain splash, and it is not necessary to consider the influences of
meteorological and orographic conditions on the atomization rain splash.
According to the aforementioned assumption, four scales of serial models were designed
for tests by making use of the prototype observation data from Wujiangdu Hydropower Station
(CSGDI 1983). Based on the test results, the relations between the rain intensity of model and
that of prototype, as well as the similarity in the scope of influence of the rain splash, are
discussed.
2 Model design and test series arrangement
2.1 Survey of Wujiangdu Hydropower Station
Wujiangdu Hydropower Station is the first large-scale concrete gravity arch dam built in
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a karst area in China. The crest elevation is 742.00 m, the maximum dam height is 165.00 m, and
the measurement points are arranged in a multi-layer overlapping form. The river channel features
steep banks, a narrow riverbed (the water surface width is only about 70.00 m in the dry season),
high water head and high single-width flow rate. The dam has six spillways. There are two
ski-jump spillways, #1 and #6, one on each side through the roof of the workshop, and four middle
ski-jump spillways, #2, #3, #4 and #5, in front of the workshop. The inlet and outlet elevations of
overflows are 742.00 m and 675.13 m, respectively, and the outlets are controlled by an arc gate of
13 m×18 m. As for ski-jump energy dissipation, the design water head, the maximum water head
and the minimum water head are 120.00 m, 134.20 m and 94.20 m, respectively. Flood discharging
spillways with the inlet elevation of 720.00 m are set up at the left and right banks and controlled
by radial gates of 9 m×10 m; the outlet elevations of the flood discharging spillways on the
right and left banks are 697.73 m and 665.55 m, respectively, and the #2 spillway is controlled
by a radial gate of 13m ×18 m. See Figure 1 for the layout.
In order to clearly understand the influence of flood discharge atomization, prototype
observation was conducted in 1982 (CSGDI 1983) and a total of nine rainfall measurement
stations were placed along the lower reach of the dam, at the locations shown as points in Figure 1
and Figure 2.
Figure 1 Schematic diagram of Wujiangdu Figure 2 Layout of test system (unit: m)
Hydropower Station (unit: m)
2.2 Selection and arrangement of test system
According to the prototype observation data and the observed hydraulic conditions, the
study adopted different operation combinations of the right-bank flood discharging spillway,
#2 spillway and left-bank flood discharging spillway for serial model tests. See Figure 2 for
the arrangement of the test system.
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In order to understand the similarity of different model tests of flood discharge
atomization, the study determined the scales of four models, Lr = 35, 60, 80 and 100, and
tested flood discharge atomization with each model. Besides measuring the rainfall at the
aforementioned nine measurement points, two observation areas at different elevations were
adopted for investigation of the scope of influence and intensity of rain splash, as shown in
Figure 2. The elevations of the observation areas were 671.04 m and 684.24 m.
2.3 Arrangement of test hydraulic conditions
According to the prototype observation and flood discharge conditions, the test group
order was determined as shown in Table 1. The control section was adopted for controlling the
flow speed at the outlet, and the lower-reach flow measurement weir controlled the flow rate
so as to ensure consistent hydraulic conditions for model tests. The rain intensity of
atomization was measured with the drop spectrum method.
Table 1 Arrangement of test hydraulic conditions
Group order Operation option Reservoir waterlevel (m)
Discharge capacity
(m3/s)
Tail water
Level*(m)
1 #2 overflow spillway 760.31 3944 640
2 Left spillway (75%) andright spillway 760.17 3250 640
3 Left spillway (80%) andright spillway 760.53 3940 640
*Determined according to the H–Q curve
3 Analysis of test results
3.1 Observation results and similarity of rain intensity at different
measurement points
Rainfall measurement points corresponding to the prototype observation data were
arranged for each model. Test results are shown in Table 2.
Table 2 Test results of rainfall at different measurement points on right bank for group orders 1, 2 and 3
Group order Scale
Right bank rainfall at measurement points (mm/h)
2 3 4 5
1
Prototype 68.80 155.20
35 0.401 0.230 0.545 0.115
60 1.700 0.150 0.170 0.061
80 2.730 0.086 0.078 0.044
100 0.660 0.060 0.026 0.010
2
Prototype 53.40 156.00
35 1.663 0.680 0.525
60 0.074 0.704 0.249 0.218
80 0.049 0.083 0.088 0.055
100 0.021 0.029 0.042 0.013
3
Prototype 105.30 93.50
35 0.764 0.404 0.155
60 0.071 0.095 0.192 0.118
80 0.218 0.177 0.083 0.109
100 0.060 0.036 0.042 0.037
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Figure 3 Relationship between S/S0 and model scale Lr
A total of nine measurement points were placed on both banks for prototype observation,
but the rainfall could only be measured at measurement points 3, 4 and 5 on the right bank and
measurement point 2 on the left bank. Due to the relatively high position of the left bank, it
was almost impossible to measure the rainfall in model tests. At measurement point 2 on the
right bank, the rainfall value could be observed, but it was not regular due to the influence of
diffusion and splashing of the nappe.
Therefore, the observations taken at the
right-bank measurement points 3 and 4
were used for analysis. The relationships
between the rainfall value and the
corresponding model scale Lr are shown
in Figure 3, where S and S0 indicate the
model and prototype rainfall values.
As is obvious in Figure 3, the
S/S0–1/Lr curve has a distinct turning point
when Lr = 60. If we consider this the
boundary point, conduct curve-fitting by sections, and adopt the function form
k
rS CL
−
= (k>0), in which C and k are constants determined by test results, the following
results are obtained:
(1) For 1İLrİ 60, when Lr = 1, S = S0, and thus C = S0. According to Table 2, when the
k of the right-bank measurement point 4 is calculated under three different operation
combinations, the mean value, k = 1.53, can be substituted into the above formula and
1.53
0 rS S L
−
= can be obtained.
(2) When 60İ Lrİ 100, it is similarly possible to obtain the result 2211.58S = ×
3.40
0 rS L
− .
According to aforementioned analyses, it is possible to find the relationships between the
rain intensity of model and that of prototype under the test conditions
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3.2 Scale effect of rain intensity caused by Weber and Reynolds numbers
According to the results from the dimensional analysis, the relationship
1/ 2 1/ 2 1( )( )AWe g h
L
ρ
μ
= is adopted to calculate the Weber number (We) and Reynolds number
(Re) for each scale of the test conditions, where ρ is density of water, g is gravitational
acceleration, h is depth of water, μ is the kinematic viscosity coefficient, A is characteristic
area, and L is characteristic length. It is possible to obtain the 0/S S –Re and 0/S S –We
curves, as shown in Figure 4.
When the scale of the model is small, the values of We and Re are relatively small and the
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Figure 4 S/S0–Re and S/S0–We curves
rate of change in relation curves is large. This indicates that, at the small scale, the changes in
We and Re have a large influence on rain intensity; with the enlarging of the model scale, the
corresponding model flow speed and flow rate
increase, as do We and Re, and the changes in
relation curves become gentler, showing that
the influences of surface tension and viscous
forces also decrease relatively.
Comparison of the 0/S S –We and
0/S S –1/Lr relations shows that the 0/S S –We
relation curve can also be divided into two
sections, and the turning point is We = 655 (Lr =
60). When We is less than 655, the influence of
surface tension is significant, and when We is over 655, the influence of surface tension
decreases. This also proves the model test conclusion that the influence of surface tension may
be ignored when We > 500.
3.3 Scale effect of the influence scope of rain splash
Measurement and test results show that, due to the influence of the nose-ridge form of the
Wujiangdu Hydropower Station flood discharge tunnel, the distribution of rain areas is not
symmetrical. Here we only discuss the similarity of test results at the four scales.
Assuming that S35, S60, S80 and S100 indicate the rain intensity of model tests at each scale,
and the S100= 0.05 mm/h isoline scope is the standard for influence comparison, then, according
to Eq. (1), it is possible that S80= 0.1mm/h, S60= 0.27mm/h, S35=0.62 mm/h and S0=142.65
mm/h. Meanwhile, if the S35= 0.62 mm/h isoline scope is considered the standard for influence
comparison, then converting the influence scopes of S60, S80 and S100 according to the
geometric similarity relation leads to comparable results of influence scope on different
elevation planes of each model scale, as shown in Figure 5. The results for both elevations are
basically the same. This shows that the rain splash influence scope at different model test
scales meets the geometric similarity relation, and the similarity of the rain splash influence
scope follows the rule of gravity similarity.
4 Conclusions
Scale models may be used to quantitatively evaluate the scope of influence of flood
discharge atomization according to the Froude law if care is taken to overcome the surface
tension effects of the flow and to adjust atomization conditions in the model so that they are
similar to those in the prototype.
Surface tension effects can be overcome if the value of We is maintained high enough in
the model. A critical value for We of about 500 can be determined by serial models.
The effect of the Re and We of discharge flow on the rain intensity of flood discharge
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atomization was analyzed, Eq. (1) for rain intensity was established, and the level of
atomization was shown to follow the geometric similarity relations.
Figure 5 Similarity of rain splash influence scope with S35= 0.62 mm/h isoline scope used as
a standard for influence comparison
In spite of the limitations as incomplete data sets, this research will be helpful in studying
the scale effect of atomization flow, and beneficial to the task of identifying rules for the
model test results and extrapolating them to prototype prediction.
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